INTRODUCTION
Differences in genetic (Nakajima et al., 1980 Young et al., 1979; Ghendon et al., 1981) , antigenic (Yamazi et al., 1983; Six et al., 1981 Six et al., , 1983 Kendal et al., 1979 Kendal et al., , 1981 Pereira & Chakraverty, 1982) and other phenotypic properties of influenza A viruses isolated during single epidemics have been described. However, it is not known whether these properties of the virus changed or evolved during the epidemic itself, whether genetic or antigenic variants co-existed during the outbreak or whether viruses differing in these genetic and phenotypic characteristics were introduced de novo from persons entering the epidemic area. In contrast, certain semi-closed communities with limited physical access and high attack rates provide suitable locations for detailed studies of the evolution of single epidemics of influenza. An analysis of the viruses of concurrent influenza B epidemics in three such groups in different areas of the U.K. established that the influenza viruses of each outbreak were distinguishable biochemically and antigenically. Moreover, even within a single epidemic, antigenically distinguishable viruses appeared to co-exist . We now describe an outbreak of influenza A (H3N2) virus in the same community. In addition to providing data on the evolution of single defined outbreaks of influenza in a relatively homogeneous collection of susceptible persons, we wished to investigate whether intra-epidemic antigenic variation in the haemagglutinin (HA), if detectable, would be a factor in explaining the previously demonstrated lack of efficacy of inactivated influenza vaccines in this community (Hoskins et at., 1979) . Cl I  A  "~  epidemic  of cases  12  13  14  15  16  17   1 4  4  --3  1  5 8  11  1  2  4  3  1  9-12  7  --l  3  1  1  1  13-16  21  1  1  1  5  9  3  1  17 20  21  2  1  4  6  4  4  21-24  79  16  16  15  12  11  6  3  25-28  42  8  14  6  4  4  6  29 36  18  5  7  1  2  2  1  -Total  203  32  39  29  34  38  25  6 METHODS Study population. The viruses were isolated at Christ's Hospital, Horsham, U.K. which is a boarding school for 800 boys aged between 11 and 18 years. The school is entirely contained within its own grounds on a site approximately 2 miles from the nearest town. An outbreak of influenza caused by influenza A (H3N2) virus occurred at the school during November and December 1980. There were 203 clinical cases of influenza. Virus was isolated from 110 boys and 66 of these viruses were studied. The viruses chosen for study were those that replicated reproducibly to high HA titre in embryonated hens' eggs without repeated passage. A further 12 viruses isolated from boys who did not have clinical symptoms of influenza were also studied.
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The outbreak. The epidemiological aspects of the influenza A (H3N2) virus outbreak in the school are summarized in Fig. 1 and Table 1 . The outbreak began in the senior boys (16 or more years old) but there were few cases and virus isolations. During the 3rd week the outbreak spread to the junior boys (11 to 15 years). The peak of the epidemic occurred during the 4th week. During the outbreak there were 203 cases of influenza. The attack rate was not uniform throughout the school but varied from a low of 9 % in the 17 year olds to a high of 31 ~ in the 12
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267 year olds. Because of the low incidence of influenza vaccination there is no evidence that immunization affected the spread of virus in the school.
Virus isolation procedures.
Throat swabs were collected into virus transport medium which did not contain antibiotics. Most of the viruses studied (58 viruses) were isolated directly in embryonated hens" eggs (Schild & Dowdle, 1975) . Throat swab material was inoculated directly into the amniotic cavity of 11-day-old fertile hens' eggs. Viruses isolated in the amniotic fluid were passaged once or twice in the allantoic cavity. For the remaining viruses, transport medium from the swab was inoculated onto cell cultures of baboon kidney or MDCK which contained 2 ~tg/ml trypsin. The cultures were incubated for up to 15 days at 35 °C. Cultures positive for HA or haemadsorption were stored at -70 °C and then passaged once or twice in the allantoic cavity of embryonated hens" eggs (Schild & Dowdle, 1975) . In order to avoid arbitrary selection of a single plaque or terminal dilution as representative of a possibly heterogeneous virus population, clinical specimens were not plaque-purified. Infected egg allantoic fluids were used for serological investigations unless otherwise stated since antigenic differences between influenza A or B viruses cultivated in MDCK cells or in eggs have been described .
Monoclonal and polyclonal antibodies and serological tests
Preparation ofmonoclonal antibodies. Monoclonal antibodies against the HA were prepared using standard procedures (K6hler & Milstein, 1975; Lu Bao-Lan et al., 1983) . In brief, mice were immunized twice with purified influenza A virus; spleen cells were removed 4 days after the second booster dose of antigen, which was given intravenously. Antibody was prepared as mouse ascitic fluids and used for the haemagglutination inhibition (HI) tests after overnight treatment at 37 °C with 4 vol. of receptor-destroying enzyme (Phillips-Duphar, Weesp, Holland) to remove any non-specific inhibitors.
Preparation oJ)7ol)'clonal antisera. Polyclonal antisera were prepared against influenza A viruses by infecting pairs of individually housed adult ferrets intranasally with diluted allantoic fluid and exsanguinating the animals l0 days later. Viruses used were representative of serological groups 2, 3, 11, 17, 25 and 26.
Examination of viruses.
The viruses were examined serologically using the monoclonal antibodies and the micro-HI test in 96-well Linbro plates with 0.5 ~ turkey erythrocytes. The challenge dose of virus was standardized by repeat titration to 8 HA units. In each experiment virus homologous for the monoclonal antibody preparations was included as a control and the reproducibility of HI titres was established by experiment. HI titres of 1/100 to 1/400 (i.e. less than 5 to 10~o of the homologous HI titres) were not found to be reproducible and were therefore considered negative.
Representative viruses from the outbreak were also examined serologically using the single radial haemolysis (SRH) technique. Ten~ (v/v) suspensions of freshly washed erythrocytes (Oxoid) were made in physiological saline buffered with 0.05 M-HEPES pH 6.5. Chromium chloride was freshly diluted 1:400 in physiological saline from a 2.25 M solution. Purified virus was added (10 ~tg virus protein per ml of 10 ~ erythrocyte suspension); within 10 min at 4 °C a visible haemagglutination commonly occurred and 0.5 vol. of the freshly diluted chromium chloride solution was then added. The modification of the SRH test to include chromium chloride has been shown by electron microscopy to result in a more permanent and a higher rate of attachment of virions to red blood cells (D. Hockley, personal communication). The virus erythrocyte mixture with chromium chloride was allowed to stand at room temperature for 5 min with occasional mixing. The cell suspension was sedimented by low-speed centrifugation (1000 r.p.m, for 5 min), washed once in 0-05 M-HEPES pH 6-5 buffer containing 0-2~o (w/v) bovine serum albumin (BSA) and once in phosphate-buffered saline (PBS) pH 7.2 containing 0.2 ~ BSA. The sensitized cells were suspended to their original concentration in PBS. Immunoplates contained 0.3 ml of virus-sensitized red blood cells (10~, v/v), fresh guinea-pig complement (0.2 ml) and agarose gel (2.5 ml) and were prepared as described previously Oxford et al., 1981b) . The human or ferret sera to be analysed were heated at 56 °C for 30 min to destroy complement, and 10 ~tl vol. were added to the wells in the SRH plates. The plates were incubated in a humid atmosphere at 37 °C and the zones of haemolysis developing after 4 h and 18 h were measured using a calibrating viewer (Transdyne General Corporation, Ann Arbor, Mich., U.S.A.).
RESULTS

Antigenic analysis of the HA of influenza viruses using monoclonal antibodies
A panel of 11 monoclonal antibodies prepared against the HA of influenza A (H3N2) viruses A/England/864/75, A/Texas/l/77, A/Bangkok/I/79 and A/Bangkok/2/79 were used to analyse the antigenic composition of the 78 viruses isolated during the school epidemic ( Table 2) . The viruses could be arranged into 30 serological groups distinguishable by differential reactivity with the panel of monoclonal antibodies. Certain of the monoclonal antibodies (e.g. 52 and 9) reacted with the HA of most of the viruses, whereas monoclonal antibodies 7, 225, 59 and 87 had Table 2 for designation of antigenic groupings using monoclonal antibodies. t Asymptomatic infections. it It tO O~ J.s. OXFORD AND OTHERS a restricted serological reactivity. Thirty-one of the viruses belonged to two antigenic groups, namely 11 and 17. When the viruses were analysed according to the day of isolation (Table 3) it was apparent that viruses of antigenic group 11 were detected at all stages of the epidemic. Although viruses of the other major group, 17, were isolated on day 9 of the outbreak these were from subclinical infections. Group 17 viruses were not isolated from clinical cases of influenza until the peak of the outbreak. The greatest diversity of antigenic variants also occurred at the time of the epidemic peak (Table 3) . A series of experiments was carried out to investigate the possibility that the antigenic differences as detected above were induced randomly in the laboratory by mutation during passage or occurred because of clonal phenotypic variation and were therefore artefactual and unrelated to the epidemiological events at the school. The original throat swab isolate of A/Chr/539/80 virus (group 11), recovered at the commencement of the outbreak, was titrated in embryonated hens' eggs and virus from individual eggs recovered and analysed by the HI test using the monoclonal antibodies. Eighty-eight of the 90 clones of the virus thus tested were identical serologically. The remaining two virus clones changed in serological reactivity only with a single monoclonal antibody. Thus, there was no evidence of marked clonal variation among viruses of a given pool, although variants existing in low proportions such as 1 in 105 (Yewdell et al., 1979) would not have been detected. Furthermore, six viruses had identical or very similar serological characteristics on re-passage in embryonated hens' eggs or re-isolation from the original throat swab. Biochemical analysis of the 78 virus clones also failed to detect significant phenotypic and genetic variants (see below) which could be attributed to laboratoryinduced artefacts.
Prevalence of antigenic groups of influenza A viruses during the epidemic
Antigenic analysis of influenza viruses using polyclonal antisera
It was of epidemiological interest to determine if the marked 'microheterogeneity' in antigenic structure of the HA of the virus isolates described above was also detectable using post-infection animal sera or post-infection sera from boys at the school.
A total of 41 viruses from the school outbreak were analysed by SRH using a panel of 15 postinfection ferret sera, and could be broadly distinguished as A/Bangkok/79-1ike (14 viruses) or A/Texas/1/77-1ike (27 viruses) in serological reactivity. Similarly to the different antigenic groups established above using analysis with monoclonal antibodies, viruses from these two antigenic categories detected using polyclonal antibodies were isolated throughout the epidemic and therefore co-existed during the outbreak. Fig. 2 shows an antigenic analysis of two viruses, A/Chr/659/80 and A/Chr/851/80 (H3N2) belonging to antigenic groups 17 and 18 respectively, using post-infection ferret sera and the SRH technique. Certain of the sera reacted equally well with both viruses (data not shown) but ferret serum F14 reacted only with A/Chr/851/80 (H3N2) virus and could thus distinguish this virus from A/Chr/659/80. Ferret serum F6 could also distinguish the two viruses serologically, although to a lesser extent, since faint zones of haemolysis were still detected with A/Chr/659/80 (H3N2) virus. Representative viruses (in antigenic groups 11, 17 and 18) could also be distinguished using polyclonal ferret sera and the HI test. Thus, FI4 reacted with the homologous virus (A/Chr/632/80, group 11) with an HI titre of 1280 and with two viruses in group 17 with a significantly lower HI titre of 320. However, for a complete analysis of antigenic differences between the viruses and to avoid the influence of possible differences in avidity, reciprocal serological reactions would have to be studied in the HI test.
The two viruses, A/Chr/659/80 and A/Chr/851/80 (antigenic groups 17 and 18), which could be distinguished using both monoclonal antibodies and post-infection ferret antisera were also tested in the HI test with sera from boys infected at the school during the outbreak. A total of 91 boys' sera were analysed and 48 showed a twofold higher HI titre with A/Chr/851/80 virus, compared to A/Chr/659/80 virus. Sera from a further eight boys had a fourfold or greater difference in HI titre with A/Chr/851/80 when analysed using the two viruses. Antibodies in the sera from the remaining 35 boys were unable to distinguish serologically between the two viruses or indeed among viruses of other antigenic groups. The data were confirmed using the SRH test and 36 of the sera from the boys reacted with a 25 to 50% increased haemolysis zone area with A/Chr/851/80 compared to A/Chr/659/80. Thus, some, but not all, post-infection human sera were able to detect antigenic differences between viruses isolated at the school.
Biochemical analysis of the virus isolates
It has been demonstrated previously that electrophoretic analysis of influenza A and B virusinduced polypeptides or virus R N A using high resolution SDS-polyacrylamide gels (Laemmli, 1970 ) is a relatively sensitive technique for detecting phenotypic and genetic variation among field isolates of influenza virus (Ritchey et al., 1977; Sriram et al., 1980; Oxford et al., a, 1984 Hugentobler et al., 1981) . Analysis of the electrophoretic properties of polypeptides of 78 viruses from the school demonstrated that the viruses were homogeneous as regards electrophoretic migration of NS 1, NS2 and NP polypeptides and, with only three exceptions, of M polypeptides. Minor differences were detected in the mobility of HA polypeptides (data not presented).
In addition, the electrophoretic characteristics of the RNA of six representative viruses from different antigenic groupings and isolated at various times during the epidemic (antigenic groups 11, 17 and 18, viruses isolated at days 1, 5, 14, 21, 22 and 24) were also determined and no significant differences were detected between mobilities of the eight RNA bands of these viruses. Small mobility differences in genes 1, 5, 6 and 8 were detected between A/Texas/I/77 and the school epidemic viruses and in genes 5, 6 and 8 between A/Bangkok/79 and the epidemic viruses, but no significant differences were detected in the mobility of different genes of viruses from the school epidemic itself.
We concluded that the viruses in the school were relatively homogeneous as regards these biochemical properties and that there was no evidence of the introduction of new viruses from the community outside the school during the epidemic, since these would be expected to have different electrophoretic properties (Hugentobler et al., 1981; Oxford et al., 1983 ).
DISCUSSION
Our study of an influenza epidemic in a semi-closed community demonstrates the co-existence and presumably the spread of antigenic variants of influenza A (H3N2) viruses during a single and defined outbreak. The ~antigenic variants' (such as viruses of groups l l and 17) were distinguished most precisely using monoclonal antibodies but certain post-infection animal and human antisera could also detect serological differences among the HAs of the viruses. The latter observation suggests that the variants could have been of epidemiological significance. Other studies have detected antigenic variants during a single city outbreak of influenza (Six et al., 1981) but because of the epidemiological circumstances it was not possible to conclude whether these antigenic variants actually co-existed or whether they arose by fresh introductions into the community from outside.
There is a precedent for the observation that viruses which differ to a relatively minor extent in antigenic structure of the HA can, nevertheless, be distinguished by polyclonal antisera. Thus, it has been shown previously that antigenic variants of influenza A (H3N2) viruses selected in vitro by immunosuppression with monoclonal antibodies, and thus presumably differing in a single epitope of the HA, can be recognized as different by post-infection human sera, particularly from children (Haaheim, 1980; Natali et al., 1981) .
Although 30 ~antigenic groups' were detected during the outbreak we consider that only the two major serological groups, namely 11 and 17, were of more immediate epidemiological significance since these viruses could be distinguished serologically with the post-infection animal and human sera. Also viruses of group 11 were present throughout the outbreak. The precise significance of the remaining antigenic groups is unknown at present. These groups often contained only a single virus and were differentiated by a single monoclonal antibody and thus could represent laboratory-induced artefacts.
Strong selective pressures, which can result in suppression of certain antigenic variants of influenza virus in a heterogeneous population and allow the emergence of others, have been demonstrated in certain cell substrates (Burnet & Clarke, 1942; Schild et al., 1983) . Furthermore, apparently random genetic variation may occur during laboratory passage of influenza A viruses (Brand & Palese, 1980) . However, we have no direct evidence for either of these possible selective pressures occurring to a significant extent in the present study, although a possible minor contribution cannot be excluded in this, or indeed in any study of the epidemiology of highly mutable RNA-containing viruses (Holland et al., 1982) . The majority of viruses were isolated initially using embryonated hens' eggs and were passaged only in eggs, and so differential selective pressures in eggs or cells were avoided. Antigenic differences were detected among the HAs of these viruses and the degree of antigenic variation did not differ either in extent or quantitatively from other viruses in the outbreak which were isolated incell cultures and subsequently passaged in eggs. Furthermore, we found no major antigenic change in the HA after sequential laboratory passage of a number of the influenza viruses isolated in the study. Finally, the biochemical analysis indicated a relatively homogeneous group of viruses with no evidence of virus strains having been introduced from outside the community once the epidemic had commenced.
We suggest the influence of two factors to explain the antigenic diversity detected. Firstly, the data are consistent with the hypothesis that the epidemic was initiated by an individual excreting a mixture of antigenic variants. Such antigenic variants are known to be present both in cloned and uncloned influenza A virus pools in the laboratory at a frequency of 105 or less (Yewdell et al., 1979; Lubeck et al., 1980; for review, see Holland et al., 1982) . Secondly, since individuals in the school would have varying immune status and would thus exert differing selective pressures, antigenic variants exhibiting microheterogeneity in the HA antigen could be selected in nature.
Most of the viruses were isolated from overt clinical cases of influenza but 12 of them were recovered from boys who did not have symptoms of influenza (Table 3 ). The isolates from asymptomatic boys belonged to eight antigenic groups, four of which did not include isolates from clinical cases although three of the four contained only one representative strain. The remaining four groups (2, 4, 11 and 17) also contained viruses isolated from boys with clinical influenza. In future influenza outbreaks in the school it will be of importance to study whether serological differences can be detected in viruses isolated from persons with varying clinical signs of illness.
In 1983 the same school had another major epidemic of influenza and, following a preliminary antigenic analysis of the viruses, we have established that, as with the present study, at least two antigenically distinguishable influenza A H3N2 viruses co-existed during the outbreak (J.S. Oxford, E. Grilli & J. Smith, unpublished data) . Clearly the evolution of influenza A and B virus epidemics in small communities is more complex than previously believed. The antigenic heterogeneity in the HA although relatively minor compared to some new epidemic influenza viruses which appear to arise spontaneously and spread, may contribute, along with other as yet unknown factors, to the relative lack of efficacy of inactivated influenza vaccines in this school population (Hoskins et al., 1979) . However, we consider at present that 'antigenic microheterogeneity' of the virus HA must represent a relatively minor contribution, given the observation that sera from many boys failed to distinguish between the antigenic variants. In future studies we wish to investigate any biological differences among the virus isolates, including any variation in virulence and also the genetic composition of the viruses (particularly genes 4 and 6, coding for HA and neuraminidase) by more precise techniques including RNA-RNA hybridization and oligonucleotide mapping (Hay et al., 1979; Klimov & Ghendon 1981 ; Oxford et al., 1984) to determine whether any consistent genetic changes, indicating some degree of evolution, can be detected in viruses isolated at different times during the single epidemic.
